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Abstract
For successful electroweak baryogenesis to take place through the sphaleron process the universe
needs to undergo a strong first order cosmological phase transition. While it does not occur in the
Standard Model it becomes possible in the presence of extra scalars in BSM. One of these scalars can
well be responsible for the recently observed diphoton excess in the CMS and ATLAS experiments
in LHC. We study the Electroweak phase transition in a myriad of scalar models in this context.
1 Introduction
The cosmological matter-antimatter asymmetry ( YB = (8.580.22) × 1011) [BAU][1] may have been
generated at temperatures much higher than the electroweak scale, e.g. heavy Majorana neutrino
decay [2, 3, 4] or even by squarks [5]. These models are difficult to test. Electroweak baryogenesis, on
the other hand, may be governed by the physics that is currently being probed at the LHC experiment
and will continue to be so at future particle colliders.
The initial conditions assumed for EWBG are a hot, radiation-dominated early universe contain-
ing zero net baryon charge in which full SU(2)L × U(1)Y electroweak symmetry is manifest. As the
temperature cools below the critical temperature the higgs field settles down to a vacuum state and
spontaneously breaks the EW symmetry. During this transition EWBG occurs. The standard Model
of particle physics itself contains the necessary ingredients [6, 7, 8, 9] for successful electroweak baryo-
genesis but the parameters of the model is not compatible with the Sakharov conditions [10]. Therefore
Beyond Standard Model physics is required. With this empirically based motivation to look for physics
beyond the Standard Model it may be natural to extend the scalar sector in context with the elec-
troweak phase transition. And this scenario receives a further boost as after finding the standard model
scalar Higgs at the LHC [11, 12] recently di-photon excess was observed at CMS and ATLAS [13, 14] in
LHC with an invariant mass of 750 GeV. Previously studied models of EW baryogenesis include BSM
with scalar singlets [15, 16, 17, 18, 19, 20], scalar doublets[21, 22, 23, 24, 25, 26, 27, 28, 29, 30], scalar
triplets [31, 32]. It was shown that the strength of the EW phase transition could be strengthened by
these extensions. Similar study is also done in MSSM and its extensions[33]. The diphoton excess has
been explained in a plethora of supersymmetric [34] and non-supersymmetric models [35, 36, 37]. In
this article we try to study some of the models which can suitably explain EW phase transition and the
di-photon excess simultaneously. The paper is organized as follows: Section II considers a extending
the SM by a real singlet with a 750 GeV mass. Section III introduces a 2HDM model with four scalars,
Section IV presents a BSM scalar with color quantum number. In Section V we discuss the process
of electroweak phase transition after accounting for the finite temperature and loop-level correction of
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the scalar potential. Next section describes the observation of di-photon excess in CMS and ATLAS.
Section VII presents some elementary results of the study on these models. Next we discuss some of
the other possible models. We make some model-independent remarks on the scalar models in context
to phase transition in section IX and conclude with general comments in section X.
2 Scalar Singlet
Tree-level potential for the Higgs doublet H and a real singlet scalar S is given by similar to [38]
V0 = λh
(
|H|2 − 1
2
v20
)2
+
1
4
λs
(
S2 − w20
)2
+
1
2
λm|H|2S2 . (1)
This potential has the Z2 symmetry but is broken spontaneously at high temperatures, giving S a
VEV (with H = 0) in the electroweak symmetric vacuum.The true vacuum is along the H axis at
T = 0. The real fields become H = h/
√
2 and S.
3 2HDM
The most general gauge-invariant and renormalizable potential that can be written for two Higgs
doublets, allowing for a soft breaking of the Z
Vtree(H1, H2) =− µ21H†1H1 − µ22H†2H2 −
µ2
2
(
eiφH†1H2 + h.c.
)
+
+
λ1
2
(
H†1H1
)2
+
λ2
2
(
H†2H2
)2
+ λ3
(
H†1H1
)(
H†2H2
)
+
+ λ4
(
H†1H2
)(
H†2H1
)
+
λ5
2
[(
H†1H2
)2
+ h.c.
]
,
(2)
where we make λ5 real by redefining the fields. The 2HDM scalar potential, Eq. (2), can violate CP
either explicitly, via the complex phase φ in the term (H†1H2+h.c.). For matter-antimatter asymmetry,
the BSM sources of extra CP violation are important in the context of generating the observed BAU.
Here we are interested in the nature of the electroweak phase transition only, so we will restrict ourselves
to a CP conserving scalar sector to make analysis. Also from [39, 22], it can be understood that the
phase does not affect the phase transition significantly. The doublets and their VEVs at electroweak
minimum can be written as
Hi =
(
ϕ+i
hi + iηi
)
,
〈H1〉 =
(
0
v cosβ
)
, 〈H2〉 =
(
0
v sinβ
)
, (3)
with v = 246/
√
2 GeV. The parameter β, gives the mixing in yhe form of a change of basis:
H ′1 = cosβ H1 + sinβ H2
H ′2 = − sinβ H1 + cosβ H2
=⇒ 〈H ′1〉 =
(
0
v
)
and 〈H ′2〉 = 0
it becomes clear that H ′1 behaves like the SM doublet, therefore its upper component must be the
charged Goldstone boson (G+) and the lower component contains the neutral Goldstone (G0). Similar
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to β as the mixing angle we define α to be the mixing angle between the lightest and heaviest CP-even
fields, denoted h0 and H0. The physical states are
G+ = cosβ ϕ+1 + sinβ ϕ
+
2 (charged Goldstone),
H+ = − sinβ ϕ+1 + cosβ ϕ+2 (charged Higgs),
G0 = cosβ η1 + sinβ η2 (neutral Goldstone),
A0 = − sinβ η1 + cosβ η2 (CP-odd Higgs),
h0 = cosα h1 + sinα h2 (lightest CP-even Higgs),
H0 = − sinα h1 + cosα h2 (heaviest CP-even Higgs).
The SM-like Higgs is an admixture of h0 and H0. But had their been a phase, that would have entered
in the mixing causing CP-violating effects. That been set to zero simplifies the problem a lot. The
condition that Eq. (3) be a minimum can gives us:
µ21 = v
2
(
λ1 cos
2 β + λ345 sin
2 β
)−M2 sin2 β,
µ22 = v
2
(
λ2 sin
2 β + λ345 cos
2 β
)−M2 cos2 β, (4)
whereM2 ≡ µ2/ sin(2β) and λ345 ≡ λ3 +λ4 +λ5. The parameterM plays the role of a natural scale for
the masses of the additional scalars, while hSM scales with v as usual. From the diagonalization of the
mass matrix we also see that the quartic couplings can be written in terms of the physical parameters
as
λ1 =
1
2v2 cos2 β
(
m2h0 cos
2 α+m2H0 sin
2 α−M2 sin2 β) ,
λ2 =
1
2v2 sin2 β
(
m2h0 sin
2 α+m2H0 cos
2 α−M2 cos2 β) ,
λ3 =
1
2v2 sin(2β)
[ (
2m2H± −M2
)
sin(2β)− (m2H0 −m2h0) sin(2α)],
λ4 + λ5 =
1
v2
(
M2 −m2H±
)
,
λ4 − λ5 = 1
v2
(
m2A0 −m2H±
)
.
(5)
These relations allow us to express the coefficients in the potential as a function of the masses (mh0 ,
mH0 , mA0 , mH±) and the mixing angles (β, α) which now become the input parameters of the model.
4 Scalar with Color
A new colored scalar Xc similar to [40] with hypercharge 1/3 and a bare mass term MX is added to
the SM. It couples to the Higgs boson via a quartic coupling, Λ :
L ⊃ −M2X |Xc|2 − Λ|Xc|2|H|2 −
K
6
|Xc|4, (6)
where K is the quartic self coupling for Xc, and H is the Higgs doublet.
5 Electroweak Phase Transition
The effective potential at finite temperature T can be written as
V = Vtree + Vloop + VCT + VT . (7)
3
where Vtree , Vloop and VT are tree-level, one-loop temperature-independent and -dependent pieces,
respectively. The tree-level potential Vtree has been given in the models discussed above. Working in
the Landau gauge (ξ = 0), the temperature-independent one-loop correction has the form [41]
V1 =
∑
i
ni
64pi2
m4i (v, φ)
(
ln
m2i (v, φ)
Q2
− Ci
)
. (8)
with i indexing the particles summed over all the particles coupling to the doublets and ni their numbers
of degrees of freedom. (positive for bosons and negative for fermions as they contribute positively and
negative to the bosonic and fermionic loops respectively. Ci are renormalization-scheme-dependent
constants (Ci = 1/2 for transverse gauge bosons and 3/2 for the rest in the MS scheme); m2i (v, φ) is
the field-dependent squared mass for each species. The one loop corrections are dominated by particles
of high mass, namely the W,Z bosons and the top quarks. As well as the new scalar(s). The above
expression is not renormalized. We impose the condition v = 246.22 Gev and mh = 125 Gev. The
counter-terms are absorbed in Vloop. With dV1dφ
∣∣
φ=v
= 0 and d
2V1
dφ2
∣∣
φ=v
= 0, we get one loop correction
V¯1,i = ± ni
64pi2
((
m2i (φ)
)2
lnm2i (φ) +
[(
− 3
4
m2i (v)m
2
i (v)
′
v
+
3
4
(
m2i (v)
′)2 + 1
4
m2i (v)m
2
i (v)
′′
)
+
(
− 3
2
m2i (v)m
2
i (v)
′
v
+
1
2
(
m2i (v)
′)2 + 1
2
m2i (v)m
2
i (v)
′′
)
lnm2i (v)
]
φ2
+
[(1
8
m2i (v)m
2
i (v)
′
v
− 3
8
(
m2i (v)
′)2 − 1
8
m2i (v)m
2
i (v)
′′
)
+
(1
4
m2i (v)m
2
i (v)
′
v
− 1
4
(
m2i (v)
′)2 − 1
4
m2i (v)m
2
i (v)
′′
)
lnm2i (v)
]
φ4
v2
)
(9)
→ ± ni
64pi2
((
m2i (φ)
)2(
ln
m2i (φ)
m2i (v)
− 3
2
)
+ 2m2i (v)m
2
i (φ)
)
. (10)
The first equation is for a generic mass square as a function of φ2 so that the counter term in the
effective potential is up to φ4, while the second one has m2i (φ) = a + bφ
2. Only if there’s a BSM
fermion postulated it will follow the first equation. Rest of the particle species will follow the first
equation. The 1-loop thermal corrections to the effective potential are given by [42]
Vthermal =
T 4
2pi2
∑
i
ni
∫ ∞
0
x2ln
(
1∓ e−
√
x2+m2i /T
2
)
dx, (11)
where the sign inside the logarithm is − for bosons and + for fermions as bosonic and fermionic loops
contribute positively an negatively respectively. We use an approximation for the integral and use
MATHEMATICA notebook to compute further. At high temperatures, the equation can be approxi-
mated by
V HTthermal ≈ T 4
∑
B
nB
[
−pi
2
90
+
1
24
(mB
T
)2 − 1
12pi
(mB
T
)3 − 1
64pi2
(mB
T
)4
ln
m2B
cBT 2
]
+ T 4
∑
F
nF
[
−7pi
2
720
+
1
48
(mF
T
)2
+
1
64pi2
(mF
T
)4
ln
m2F
cFT 2
] (12)
with cF = pi2exp
(
3
2 − 2γ
)
and cB = 16cF , and at low temperatures
V LTthermal ≈ −T 4
∑
i=B,F
ni
( mi
2piT
)3/2
exp
(
−mi
T
)(
1 +
15
8
T
mi
)
. (13)
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Although there will be deviation from the actual result due to this approximation but that is small
compared to rest. Moreover this study is only an elementary-level one and we would continue to use
more rigorous mechanisms to study the model in future.
And the scalar masses from resummation of daisy diagrams: diagrams [43]. The mass-matrix
(MT )ij =
1
2
∂2
∂φi∂φj
(
Vtree +
T 2
24
∑
i
nim
2
i
)
. (14)
The thermally corrected masses are then the eigenvalues of MT . Ultimately the potential becomes:
V = Vtree + Vloop + VCT + VT . (15)
Usually m2 ∝ φ2, so the niT 4
2pi2
× pi212 m
2
T 2
(pi
2
24
m2
T 2
) term is also quadratic in φ, and adds to the tree level
negative Higgs mass term −14m2hφ2 a positive contribution proportional to T 2φ2 at high temperature,
making the quadratic term positive. Let the potential be
V = d(T 2 − T 20 )φ2 − eTφ3 +
1
4
λφ4, (16)
with correction from thermal effect included. The contribution of the cubic term to the Electroweak
phase transition is palpable:
〈φ(Tc)〉
Tc
=
2e
λ
. (17)
Here Tc is the critical temperature where the potential at the new local minimum φ 6= 0 is equal to
the potential at φ = 0. The nucleation and bubble formation is usually right after the universe goes
below the critical temperature, so we take Tc ' Tn . In the SM e = 16piv3 (2m3W + m3Z) = 6.4 × 10−3
[44], so the phase transition strength for mh ' 125 GeV is 2eλ = 0.1, is weak for a successful EW
baryogenesis. Eq. (12) suggests a straightforward way to strengthen the phase transition: add new
strongly interacting bosons, which is exactly the new boson(s) in the model(s). If we simply ignore the
term ms and put m2i =
1
2y
2φ2, the cubic term in φ in the expansion for bosons as part of e term, for
a strongly first order phase transition the new boson only need to contribute niy3 ' 6, which implies
y ' 1. This nonetheless is not a good approximation. A better way lies in the above bosonic high
temperature expansion Eq. (12), by comparing the quadratic term in the expansion to the tree level
mass term. The SM particle thermal masses are well known. As for the new bosons, we already have
ms of order hundred of GeVs even at Higgs VEV φ = 0 just like thermal mass, and the thermal mass
itself of the order y2T 2, we expect its effect to be subdued.
Below the critical temperature Tc, the minimum breaks electroweak symmetry. But as the global
minimum of the potential, the field is still in the symmetric local minimum because the two minima
are separated by a potential barrier due to thermal fluctuations. The transition proceeds via thermal
tunneling, as the quantum tunneling probability has decreased due to the thermal barrier. In the
broken phase (with non-zero vev) of the symmetric background, after nucleation the bubbles grow,
it converts a false vacuum into true one. The whole Universe transitions into this broken phase.
The sphalerons are suppressed in the broken phase due to the W bosons gaining mass, and the weak
interactions act only on very short distance scales. Hence, this suppression is proportional to the gauge
boson masses and proportional to the Higgs vev right after the phase transition. A simple criterion
for sphaleron freeze-out is obtained by assuming that the sphaleron processes decouple when their rate
becomes smaller than the expansion of the U and this condition is given by vcTc ≥ 1
A very good account of EWPT can be found in [42] and [45].
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6 Di-photon Excess
Both ATLAS and CMS collaborations recently announced a search for resonances in the di-photon
channel, featuring an excess of events around mγγ ≈ 750 GeV [13, 14].
σ(pp→ S)× BR(S → γγ) & 2 fb , (18)
mS ≈ 750 GeV, (19)
where S is the new resonance singly produced in pp collisions. The uncanny feature of this di-photon
excess is a large total width of the resonance. In terms of events, ATLAS collaboration has a better fit
and favors a rather large width of resonance around 6 per cent of the resonance mass. Here we assume
Γtot(S)
mS
≈ 3-9% . (20)
However there are no excesses for the dijet [46], tt¯ [47], diboson or dilepton channels. Which leaves us
at a challenging front to account for the 750 GeV resonance. The 2HDM model alone cannot produce
the large cross-section observed. So it has been extended by adding a new vector-like fermion [48] and
other scalars [36]
One may attempt to interpret the di-photon excess at as the resonant production of the singlet
scalar S with mass MS = 750 GeV. Considering the possible production mechanisms for the resonance
at 750 GeV it is important to note that the CMS and ATLAS did not report a signal in the ∼ 20fb−1
data at 8 TeV in Run 1. This may be because 750 GeV resonance is produced through a mechanism
with a steeper energy dependence, e.g. gluon-gluon fusion. And as the centre-of-mass energy increases
in the run the parton contribution of gluons and heavier quarks increases. Here for a simple analysis
we consider this as the dominant production mechanism and no other associated production. So the
scalar with mass 750 GeV decays to two photons via a loop. The cross section can be expressed as
σ(pp→ γγ) = Cgg
MSs
ΓggBrγγ , (21)
with the proton centre-of-mass energy
√
s and the parton distribution integral Cgg = 174 at
√
s = 8 TeV
and Cgg = 2137 at
√
s = 13 TeV [49]. One can obtain a best fit guess of the cross section by
reconstructing the likelihood, assumed to be Gaussian, from the 95% C.L. expected and observed
limits in an experimental search. For the diphoton excess, we use a best fit cross section value of 7 fb
found by combining the 95% CL ranges from ATLAS and CMS at 13 TeV and 8 TeV for a resonance
mass of 750 GeV.
Apart from the necessary decay modes of the scalar S i.e, S → gg and S → γγ, S may also decay
to other particles; due to SM invariance and the fact that MS > mZ , S → γγ necessitates the decays
S → γZ and ZZ which are suppressed by 2 tan2 θW ≈ 0.6 and tan4 θW ≈ 0.1 relative to Γ(S → γγ).
S may also decay to SM fermions due to mixing with the heavy vector-like fermions which in turn
affects the phase transition. The total width is thereby given by ΓS ≈ Γgg + 1.7× Γγγ + Γtt¯. [50]
Production of a scalar resonance in gluon fusion via a loop of top and a vector-like quark and
subsequent decay of scalar resonance to γγ via a loop of vector-like quark and the charged scalar
in 2HDM is considered. These fermions should have vector-like couplings to the electroweak gauge
bosons in order to avoid generating their masses through the Higgs mechanism only and then be
compatible with the electroweak precision tests as well as the LHC Higgs data. Vector-like fermions
appear in many extensions of the SM and recent discussions have been given in Ref. [51]. To fulfill
SM gauge invariance, at least two vector-like multiplets need to be introduced in order to generate
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directly Yukawa couplings for the VLQ that are not suppressed by SMQ-VLQ mixing angles. Another
fine-tuning arrangement can be made in the lines of vector-like leptons [48]. But here, for simplicity
we consider a singlet. The partial decay widths are given by [52]
Γγγ =
α2M3S
256pi3
∣∣∣∣∣∑
F
NCF Q
2
Fλ
′
SFF
MF
A
(
m2S
4M2F
)∣∣∣∣∣
2
,
Γgg = K
α2sM
3
S
128pi3
∣∣∣∣∣
C∑
F
λ′SFF
MF
A
(
m2S
4M2F
)∣∣∣∣∣
2
. (22)
Here, the sums in Γγγ and Γgg are over colored fermion species and flavors in the first case and all
species with electric charges in the second. NCF is the number of color degrees of freedom of a species,
i.e 3 for vector-like quark. Similarly, QF is the electric charge of the species. The coupling of S to a
fermion species is λ′SFF . A(x) is a loop function defined by
A(x) =
2
x2
[x+ (x− 1)f(x)], (23)
with
f(x) =
{
arcsin2
√
x x ≤ 1
−14
[
ln
(
1+
√
1−x
1−√1−x
)
− ipi
]2
x > 1.
(24)
In addition, the decay of S to a pair of fermions is given by
Γff¯ =
NCf λ
′2
FffMS
16pi
(
1− 4M
2
F
M2S
)2/3
(25)
As discussed in [49] in a model-independent manner, the di-photon excess can be explained for
10−6 . Γgg/MS . 2 × 10−3 (the upper limit from dijet searches) and Γγγ/MS ≈ 10−6, as long as gg
and γγ are the only decay modes of S. For a full analysis one needs to use: The signal cross section
at proton centre-of-mass energy
√
s (= 8 or 13 TeV)
σ(pp→ S → γγ) = 2J + 1
MΓs
[
CggΓ(S → gg) +
∑
q
Cqq¯Γ(S → qq¯)
]
Γ(S → γγ) , (26)
where the relevant decay S widths are evaluated at leading order in QCD. The 2J + 1 factor could be
reabsorbed by redefining the widths as summed over all S components. The decay into two photons
implies that the two relevant cases are J = 0, 2. We take spin-0 resonance and pdf as in [49].
For the CP-even Higgs decay into γγ [53]
Γ(S → γγ) = α
2m3S
256pi3v2
∣∣∣∣∣∑
i
yiNciQ
2
iFi
∣∣∣∣∣
2
, (27)
with Nci, Qi are the color factor and the electric charge respectively for particles running in the loop.
The dimensionless loop factors for particles of spin given in the subscript are
F1(τ) = 2 + 3τ + 3τ(2− τ)f(τ), F1/2(τ) = −2τ [1 + (1− τ)f(τ)], F0(τ) = τ [1− τf(τ)], (28)
where τ = 4m2i /m
2
S and yi are the Yukawa couplings of the particles running in the loops as shown in
fig. and
f(τ) =
{
[sin−1(1/
√
τ)]2, τ ≥ 1
−14 [ln(η+/η−)− ipi]2, τ < 1
(29)
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Figure 1: Feynman diagram showing the production of di-photons from gluon-gluon fusion formation of the SM Higgs.
In the same diagram if we substitute Higgs with the 750 GeV scalar and ’t’ with the new vector-like fermion we get the
diagram we study.
7 Results
7.1 Scalar Singlet
Expressing the masses of the scalar in terms of the couplings and using the λm and critical vev field
values as input parameters a scan was done(vc 0 to 300 GeV and wc over the range 0 to 300 GeV).
When λm was kept less than unity no parameter space suiting ξc greater than equal to 1 was found.
However on increasing the bound on λm to 4pi the following plot was obtained. Mass of the second
scalar was put as constrained to be 250-1500 GeV.
Figure 2: Plot of ξc(Y-axis) vs Tc(X-axis)
Next the mass of the second scalar ms was restricted to be 740-760 GeV. Then also no parameter
space was obtained. This goes on to show the new inert scalar cannot satisfy the criterion of the 750
GeV resonance as well as be responsible for EW phase transition and dark matter as was described in
[54]. [We also put in the constraint that the EW minima should be less than the other one.]
The electroweak physics of such a scalar is only governed by its mixing angle with the Higgs. And
so the opening up of parameter relies heavily on λm. Such a scalar along with a vector-like fermion
can accommodate the di-photon excess [55]. This suggests the critical temperature to be low(which is
not so desirable) for stronger phase transition. However any ξc grater than equal to 1 can satisfy the
condition. So a region in the plot where the critical temperature is not too small may explain EWPT.
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7.2 2HDM
2HDM have been studied in context with collider phenomenology and the parameters are constrained
from their results. We add a vector-like fermion having electric charge of (2/3)units and color. This
is done keeping in mind to explain the observed enhanced cross-section in the di-photon excess. From
the plots of [35]
0 2 4 6 8 10 12
400
500
600
700
800
900
1000
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m
H
±
@G
eV
D
Figure 3: Points in parameter space allowed. Mass of the charged scalar in Y-axis and the mixing angle tanβ in
X-axis.
We take the constraint tanβ < 5. Rest of the input parameter masses are set to 1 TeV. We get the
following plots:
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Figure 4: The figure on the left is made with tan α = pi/4 and on the right with tan α=pi/8. In Y-axis ξc is plotted
and it needs to be greater than or equal to 1 for SFOPT. Thus there’s fair amount of points satisfying the condition.
Here too a strong EWPT can occur. With a suitable critical temperature.
Next we investigate if this can properly explain the di-photon excess. And the observed large
cross-section as discussed in the previous section. Values of the input parameters are kept the same.
The following graph is obtained.
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Figure 5: Plot of mass of the vector-like fermion vs its coupling to the 750 GeV scalar showing contours of cross-section
in femto-barn units. Top-left fig is with α=0.1, top-right is with α=0.2, bottom-left is with α=0.3 and the bottom-right
fig is with α=0.5
New particles (fermions or bosons) with a color and electric charge and a large coupling to the 750
GeV scalar are needed to generate an effective coupling of the scalar to gluons and photons. These
new colored states should not be too heavy, otherwise their couplings to the scalar must enter the
non- perturbative regime in order to explain the di-photon excess. As seen in the above figure, Y
is of 2-2.5 for a vector-like fermion mass of 800-1000 GeV, is needed to get a cross-section around 7
fb−1 or so. One expects new colored colored states just around the corner provided this explanation
to the di-photon excess is correct. We investigated the models and found that for a inert 750 GeV
singlet scalar along with a vector-like fermion cannot be responsible for EWBG. While in the 2HDM it
may happen. Again we need to add a vector-like fermion to accommodate the observed cross-section
for di-photon excess. Choosing values within the previously studied constraints we could show that a
strong first order EW phase transition is possible.
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Figure 6: The figure shows the phase transition in the model. Veff is plotted in Y-axis and VEV of the Higgs field in
X-axis. As the temperature increases thermal effects leads to a transition from one minima to another.
We see that the potential develops a thermal barrier. But serious issue is the applicability of the
one-loop approximation and that of perturbation theory itself at finite temperatures. It is because
the distribution function of bosons is large at low particle energies. At low temperatures interactions
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between the bosons is enhanced in the medium. Therefore this is known as the infrared problem. [42]
8 Other Models
A glimpsing view on the existing literature on other scenarios for EW baryogenesis inspire us to
investigate if the 750 GeV scalar can cause strong EWPT. Other than the 2HDM and the real scalar
singlet there may a complex singlet extension model [56] or an abelian Higgs doublet model[57]. Figure
8 in [58] shows an abundance of points satisfying the strong EWPT conditions and the scalar(s) being
of 750 GeV mass. Besides the scale-invariant 2HDM which otherwise can cause strong 1st order phase
transition as in [59], it will be interesting to study with 750 GeV mass bound as done in the singlet
model in this article. It however can explain the diphoton excess [60]. Slightly different scenario of
2-step baryogenesis [61, 62] may also accommodate this new scalar resonance. Especially fig. 6 of the
former looks promising as it is compatible with EDM bound too. While this article was being written,
[63] appeared showing that the necessary condition for the baryon asymmetry to avoid being ’washed
out’ after the phase transition may arise due the decoupling of fermion number violating processes, in
to a modified expansion history caused due to this scalar dark matter. It will be interesting to study,
with respect to this, the 750 GeV scalar resonance. However a far more detailed study with respect to
collider constraints need to be studied before we can make any further comments.
9 Model-independent overview
So we see that the veracity of the effective study of the Electroweak baryogenesis from the collider
constraints vary on a model-to-model basis. However many individual models can shed light on the
EWBG partially. As the LHC is running we would like to understand what classes of models may
be consistent or at tension with with the data. Requirement of EWPT of strong first order means
that two minima in the potential be separated by some barrier for a certain range of temperatures so
that the system can undergo from one to the other by thermal fluctuations in addition to quantum
fluctuations which has a decreasing probability with the increase in barrier. In addition to this barrier
the phase transition requires EW sphaleron process to be out-of-equilibrium in the broken phase to
ensure that the baryon asymmetry is not washed out. This condition is expressed as :
νc
Tc
≥ 1 (30)
Higgs data rules out EWBG as the mass of the Higgs being 125 GeV does not limit decay rate associated
with the kinetic part of the Higgs action: the Nambu-Goldstone bosons. However if there’s an loop-
induced decay to di-photons then this problem can circumvented. The thermal barrier that we talked
about earlier can be equivalently thought of as a thermal mass ≈ h3 such that it can interplay with
the h2 and h4 terms. Equation (17) is modified from model to model: ’e’ becomes ’e + 6(Λ2 )
3
2 ’ in
the colored scalar model. And for the scalar singlet model by e + ns(λm4 )
3
2 where ns is the number
of real scalar singlet degrees of freedom coupling to the Higgs. For the 2HDM ’e’ is replaced by
’e + 2(λ32 )
3
2 + (λ3+λ4−λ52 )
3
2 + (λ3+λ4+λ52 )
3
2 ’. So for the limit νcTc » 1 we can reach the limit of large e.
This means that the Higgs must have a large coupling with many light bosons. The reason that may
impend this is the perturbativity bound and the Boltzman suppression for heavy bosons. Nonetheless
one can keep on increasing the no. of bosonic degrees of freedom instead and they will contribute to
the thermal loop and increase ’e’ without treading the perturbativity bound. However in this case
on also needs to take care of radiative corrections to λ and must make the bosonic Higgs interactions
loop-suppressed. e.g. [64]. A second way is to take the limit of λ to 0. This in a BSM means a light
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scalar. Which may be constrained by vacuum stability considerations [65] and Higgs exotic decay. But
it may be hidden in the large SM background.
A scenario may be such that the thermal barrier may arise from renormalizable tree-level Higgs
interactions with the new scalar fields. This is given by the cubic term in the effective potential. The
strong PT condition lead to νcTc ≈
√
4d
λ
√
1−λm2
2e
. here the limits for increasing the fraction is d » λ which
means increasing the coupling between the higgs and the light particles. This is similar to the e » λ
of the previous case. Also if λm
2
2e2
→ 1. The EW symmetric and broken vacua are degenerate and Tc
vanishes. This type of model is breifly discussed in [66]
10 Comments
In the work carried out it is understood that despite there being a fair possibility of the new 750
GeV scalar being responsible for strong first order phase transition and thus transferring the baryon
asymmetry to our present universe CP violation is yet to be studied. Although some novel mechanisms
exist which give an idea on CP-invariant asymmetry scenarios [67, 68], most of the models introduce
new sources of CP-violation. Not to mention the scalar resonance is yet to be confirmed at a 5σ
level. So it may as well turn out to be but a statistical fluctuation. Finally the methods used in the
present work may not be enough to ascertain certain claims impeccably. We have used elementary-level
minimization techniques and algorithms. Parameters like temperatures were varied at 1 GeV step for
the parameter space scan. It well may happen we have missed out on some minima lying in between.
A more rigorous and comprehensive study will follow this. Similarly we plan to do other collider
phenomenology studies like electroweak precision tests, etc. to constrain the properties of the scalar.
Or missing energy search for the new fermions introduced. Other than covering a variety of models we
also have in mind in putting this study on some existing theoretical framework like Supersymmetry.
At the end of the day with the present work it is being contemplated that the new scalar may have
played a significant in early universe leading to observable effects at the scale that is being probed by
the Large Hadron Collider.
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